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I. INTRODUCTION
The application of static electromagnetic elements to manipulate atomic beams can be traced back to the 1920s when Stern and Gerlach 1 performed their famous experiments demonstrating the intrinsic angular momentum of electrons via the deflection of silver atoms passing though an inhomogeneous magnetic field. Friedburg and Paul 2 advanced the manipulation of atomic beams by using a hexapole magnet to create a spatially varying magnetic field to focus atoms from a thermal atomic beam. More recently there has been a significant resurgence in the enhancement of neutral atomic beams to produce slow, "bright" continuous atomic beams via the application of electromagnetic fields. This enhancement or modification of atomic beams has spawned the research field of atom optics.
3, 4 Enhanced atomic beams have been used for a diverse range of experiments for example, the loading of atom traps, atom interferometers, as well as their application in surface science. 3 Enhanced atomic beams have also been used to create nanostructures in a process called nanolithography. This process involves the manipulation of atomic beams to create nanoscale structures on surfaces. 5 This has been accomplished using two generic techniques; the first technique directly deposits atoms to an appropriately prepared surface and is termed direct deposition. The second technique relies on the exposure of a surface, covered with a specific resist, to energetic atoms. Patterns are then transferred to the surface after the application of an etching technique. The second technique has mainly utilized metastable atomic beams formed by gas discharge sources. Noble gas atoms in a metastable state exhibit internal energies in the range of 8-20 eV, which is sufficient to damage, upon collision, a resist layer formed from a self-assembled monolayer of alkanethiols. The areas damaged by exposure to the metastable rare gas atoms can then be transferred into the underlying layers via subsequent chemical etching processes. 6 By modulating the atomic beam incident upon the surface, via either physical or near resonant standing wave light masks, patterning of the sample can be achieved. To achieve minimum feature sizes on the sample, the atomic beam must be cold, monochromatic, and consist mainly of atoms in the metastable state. The conventional method of producing metastable atomic beams is through gas discharge systems. 7 However, it is an inefficient process with only ϳ0.01% of the gas atoms emerging from the discharge being excited to the metastable state. The resulting atomic beam is therefore a combination of metastable and ground state atoms and also contains electrons, ions, and UV photons, all of which may lead to undesirable lithographic patterning. The contribution of the UV photons to the final lithographic pattern is still undetermined, although their ability to damage the resist layer has been observed by performing quenching experiments with our system. Charged particles are removed from the atomic beam by the application of an appropriate transverse electric field, 8 deflecting these components from the experimental axis. The removal of UV photons from the beam requires a more complicated experimental arrangement in order to deflect the metastable gas atoms from the path of the photons. Current techniques available to separate the metastable atoms from the UV photons include; transverse deflection via radiation pressure, 9 deflection utilizing a two-dimensional magnetooptical molasses, 10 and the focusing of the metastable atoms around a physical beam block. 11 The first two approaches deflect the metastable atoms from the experimental axis in order to separate the components to the atomic beam, while the third approach utilizes a physical barrier to introduce a shadow into the imaging plane.
The motivation behind this work is to produce an UV free metastable atomic beam for application in atom lithography. The work presented here demonstrates a novel approach to the guiding of metastable neon atoms using a series of hexapole magnetic lens elements and is capable of producing a UV free atomic beam. This approach is not limited to metastable atoms but can be used to guide any atomic species with a magnetic moment. It could also be beneficial for the loading of magneto-optical traps that are operated in UHV environments as the apparatus that we present here could be simultaneously be used as a conductance aperture for a differential pumping stage. Since the nature of the device we present here deflects atoms from the original path from that of the source, increases in vacuum pressure due to unslowed or undesirable constituents are removed.
II. EXPERIMENTAL APPARATUS
A schematic of the atomic beam apparatus used in this investigation is provided in Fig. 1 . A beam of neon atoms emerge from a glow dc discharge source in which some of the atoms are excited to the 3 P 2 and 3 P 0 metastable states ͑which are designated by Ne ‫ء‬ ͒ with the approximate proportions of 5/6 and 1/6, respectively. [12] [13] [14] The electrical discharge is struck between a cathode pin and an external skimmer plate, while the atoms expand supersonically through a liquid nitrogen cooled nozzle constructed from boron nitride. The atomic beam then passes through a 1 mm aperture in the skimmer and into the differentially pumped optical collimation region. During operation, the source region, which is pumped by an oil diffusion pump, maintains a pressure of 8 ϫ 10 −5 Torr, while the collimation region remains an order of magnitude lower at 1 ϫ 10 −6 Torr. The emergent metastable neon beam has a most probable velocity of 580Ϯ 20 ms −1 , as measured by time-of-flight methods. A set of orthogonal, nearly parallel mirrors, 15 located 50 mm downstream reduces the divergence of the atomic beam to 6.5Ϯ 2.6 mrad via transverse laser cooling by multiple reflections of 640.4 nm laser radiation generated by a Coherent 899 ring dye laser. This wavelength corresponds to the 3 P 2 → 3 D 3 closed optical transition and is the laser cooling transition for Ne ‫ء‬ . 16 Charged constituents of the beam are also removed in this region using electrostatic deflector plates, which apply a transverse electric field of approximately 60 kV m −1 . The total atom flux is measured using a 25 mm diameter, biased, chemically cleaned, stainless steel Faraday plate. The 16.6 eV internal energy of Ne ‫ء‬ ͑Ref. 17͒ is sufficient to eject secondary electrons upon collision with the metal surface. The flux measured immediately after the electrostatic deflector plates was increased from 6.7ϫ 10 11 Ϯ 1 ϫ 10 10 atoms s −1 to 1.60ϫ 10 12 Ϯ 4 ϫ 10 10 atoms s −1 by introduction of the optical collimation. These values were calculated using a secondary electron ejection coefficient of 0.3 for a chemically cleaned stainless steel plate. 18 Quenching experiments using a nitrogen buffer gas indicated that the UV photons account for 6% of the measured Faraday plate current. 8 The next stage of atomic beam preparation involves the longitudinal cooling and decelerating of the metastable neon atoms. This is achieved via a Zeeman-slower constructed as a tapered solenoid with a maximum field strength of 0.75 T which is 920 mm in length. Dual 20 mm laser beams incident at 15 mrad, relative to the solenoid axis, cross over the entire length of the Zeeman-slower and are tuned to Ϫ140 MHz from the resonant, laser cooling frequency. This is a new slowing beam arrangement and allows for a relatively large ͑8 mm͒ aperture to be obtained at the input mirror facet. A recollimation optical molasses immediately after the Zeeman-slower solenoid ensures maximum flux is achieved through the aperture, 8.5ϫ 10 10 Ϯ 1 ϫ 10 9 atoms s −1 . This flux is then incident on the 23.5 mm aperture at the opening to the multiple magnetic hexapole element atomic beam guide.
III. MAGNETIC GUIDE DESIGN AND MODELING
Similar devices utilizing quadrupole and octupole magnetic fields to guide alkali metal atoms have previously been demonstrated. 19, 20 While larger field gradients are achievable using an octupole arrangement, the atomic beam is confined to a larger proportion of the central aperture of the guide, reducing the emergent atomic flux density. Unlike the other magnetic guides, the application of this device utilizes hexapole magnetic fields which have been chosen as the guiding lens elements since the force exerted on atoms as they traverse each element increases linearly with respect to distance from the axis of the element, and hence can be used for subsequent focusing of the atomic beam. This focusing is analogous to the focusing of light through a conventional thin lens.
Our design is very cost effective and easily adaptable to any atomic beam line. Due to the design of the slowing system, it has the significant benefit of being mounted in line with the atomic beam line thereby maximizing the transmission of atoms through the guide. It would be easy to adapt so that the device could act in a dual role as a conductance aperture for differentially pumped UHV vacuum systems such as those used in Bose Einstein condensation experiments.
The magnetic guide is constructed of nine individual magnetic hexapole lens 21 elements, arranged such that the initial and final two elements are axially aligned, while the inner five elements are aligned on a 30°arc with a radius of curvature of 30 cm, as shown in Fig. 2͑a͒ lens element consists of 12 permanent rare earth magnets held in formation by an aluminum housing with a central aperture of 23.5 mm, as in Fig. 2͑b͒ . The dimensions of the magnets used are only 6.4ϫ 6.4ϫ 12.7 mm and have a surface field strength of ϳ0.44 T. 22 The entire lens system is mounted within a custom fabricated 304 stainless steel chamber with 6 in. CFF fittings so that it can be mounted in line with the remainder of the atomic beam line.
The force that an atom with a magnetic moment feels in the presence of a magnetic field gradient is given by
where B is the Bohr magneton, g j is the Landé g factor, and m j is the magnetic substate. The spacial variation of an ideal hexapole magnetic field is given by
where B r = 1.32 T is the remanent field, r is the distance from the center of the magnetic hexapole element, and r 0 is the distance from the inner boundary of the individual magnets to the center. This field profile was assumed to be constant over the short length of the hexapole lens in our initial simulations. With this information a two-dimensional Monte Carlo simulation of the atom trajectories through the magnetic guide was carried out using MATLAB, enabling the design parameters to be determined. In our design, the magnets, with dimensions and magnetic field strengths mentioned previously, were arranged such that the smallest internal radius was achieved. Therefore the design parameters that could be modified for optimal operation were the longitudinal velocities of the incident atoms and the radius of curvature of the magnetic guide. Additional simulations can also be carried out to optimize the arrangement and dimensions of the each magnetic lens element. This was not performed here as inexpensive, commercially available magnets prove to be more than sufficient to guide metastable neon atoms in the m j = +2 magnetic substate. Once the hexapole magnetic lens elements were constructed the magnetic field profile could be further investigated. The spatial variation in the magnetic flux density for a hexapole magnet, such as our design, has been modeled by Halbach. 23 However, in our design the individual permanent magnets have a rectangular cross section whereas the theory of Halbach is for magnets with a trapezoidal cross section. 23 As such, this theory cannot be used to directly describe the magnetic flux density within this lens. The magnetic field at the central point of the hexapole lens elements was profiled using a Hall probe by obtaining line profiles over multiple angles between 0°and 60°͓where the angle is defined in Fig.  3͑a͔͒ . Profiles at larger angles were not required due to the symmetry of the magnetic field. This data enabled a twodimensional magnetic field profile to be generated by a MAT-LAB program that produced the output magnetic flux density profile as shown in ͓Fig. 3͑a͔͒. The figure shows that beyond approximately 10 mm from the center of the lens, the uniformity of the magnetic field gradient is lost due to the geometry of the magnets used. It also shows that the theory predicts the magnetic flux density to within 1% until ϳ11 mm from the center of each magnetic lens element, which is close to the edge of the lens. As mentioned previously, the theory of Halbach 23 could not be used to directly determine the magnetic flux density, however, our work shows that the changes in magnetic flux density with respect to the angle defined in ͓Fig. 3͑a͔͒ can be reasonably well described by including correction terms 24 taking into account the segmentation of the multipole magnetic field derived by Halbach. In Fig. 3͑b͒ three measured line profiles of the magnetic field, defined by the angle with respect to the x-axis of Fig. 3͑a͒ , are plotted and show good comparison to the theory of Halbach ͑with correction terms͒.
The magnetic field inside the hexapole lens was then profiled in the xz-plane relative to Fig. 3͑a͒ , such that subsequent simulations could include an accurate three dimensional description of the magnetic flux density.
These simulations show that atoms in the m j = +2 magnetic substate traveling with a longitudinal velocity of 80 m s −1 and a maximum transverse velocity of Ϯ4 m s −1 are guided through the 30°arc. These conditions correspond to the most probable velocity of the atoms exiting the Zeeman slower and the degree of collimation of the atomic beam. A significant proportion of the atoms in the m j =+1 magnetic substate also successfully emerge from the magnetic guide under the same initial conditions. Figure 4 shows the transmission efficiency of both the m j = +1 and +2 substates relative to the initial position of the atoms as they enter the guide. This simulation was carried out for the experimental parameters of the apparatus used here, however, it should be noted that increasing the transverse velocities and hence the launch angle into the magnetic guide reduces the transmission through the guide. Optimal transmission though the guide occurs for small launch angles and our initial modeling has shown that doubling divergence from that of our system parameters, decreases the flux by a factor of approximately 2. The aperture area exposed to atoms under experimental conditions is represented by the rectangle in the figure. In order to reduce the complexity of the simulations the approximation was made that the lens elements were evenly spaced around the 30°arc of the magnetic guide. This is not the case due to the geometric restrictions of the lens elements around the bend as shown in Fig. 2͑a͒ . While the simulations do not exactly correspond to the experimental conditions as a result of these slight geometric variations, an approximate expectation value of the transmission efficiency can be obtained. From the investigation of the transmission through the central seven magnetic lens elements the transmission efficiency should be within Ϯ5% of the experimental value.
IV. RESULTS
The total atom flux of the source measured 395 mm downstream from the optical collimator was 1.60ϫ 10 12 Ϯ 4 ϫ 10 10 atoms s −1 . After longitudinal slowing the total slowed atom flux was 5.2ϫ 10 10 Ϯ 1 ϫ 10 9 atoms s −1 , which upon comparison to the unslowed atom flux results in a slowing efficiency of ϳ58%. The atomic flux is reduced by two orders of magnitude due to the appreciable divergence of the atomic beam over the large path length. The atomic beam incident on the magnetic guide consists largely of atoms in the 3 P 2 and ground states, with less than 2% of the total flux in the 3 P 0 metastable state and only ϳ0.7% UV photons. Once the atomic beam is guided through a 30°angle the flux is reduced further to 4.35ϫ 10 9 Ϯ 2 ϫ 10 7 atoms s −1 , giving a transmission efficiency of the magnetic guide of ϳ9%. However the emergent beam is purely atoms in the 3 P 2 metastable state as all other constituents are not guided through the 30°angle. The measured value for transmission efficiency is somewhat lower than that predicted by simulations of the magnetic guide, ϳ23%. There are two possible contributions to this discrepancy. First, it was assumed that each magnetic substate was equally populated upon the entrance to the magnetic guide. The different magnetic substates are guided with differing efficiencies, as the nature of the guiding force is dependant upon the magnetic substate. Hence, if the m j = +2 magnetic substate is less populated than assumed, the measured efficiency will decrease. This would be the case if the polarization of the recollimation optical molasses was not properly defined. In this experiment the recollimation beams are linearly polarized which has the effect of optically pumping the atoms into magnetic substates with low magnetic projection quantum numbers. Also, the slight differences in the simulated and experimental magnetic guide arrangement will have some small but finite ͑expected to be Ϸ5%͒ contribution to the discrepancy observed.
It should be noted that although this magnetic guide was constructed for a 30°deviation of the atomic beam, deviations of much larger angles can be realized. Confirmation that the beam was free of UV photons was carried out via the introduction of a buffer gas to collisionally de-excite the metastable atoms.
Previous atom lithography experiments utilized an exposure time on the order of 1 h. 8, 25 Assuming the flux measurement is for an atomic beam the size of the guide aperture, and knowing the dosage required for the formation of patterning in a dodecanethiol resist coated sample, the calculated exposure time required after the magnetic guide is Ͼ40 h which is impractical. However, the total flux achieved after the magnetic guide is significantly larger in comparison to similar apparatus, 10 and the beam brightness can be significantly improved by focusing the atomic beam or via the implementation of a subsequent magneto-optic compression element. 26 Such elements should readily be able to provide larger than 10 2 times flux enhancement of the atomic beam which could result in an exposure time of ϳ30 min for this experiment.
